The cyclic nucleotide cAMP is a universal regulator of a variety of cell functions in response to activated G-protein coupled receptors. In particular, cAMP exerts positive or negative effects on cell proliferation in different cell types. As demonstrated by several in vitro studies, in somatotrophs and in other endocrine cells, cAMP is a mitogenic factor. In agreement with this notion, it has been found that the mutations of genes coding for proteins that contribute to increases in the cAMP signaling cascade may cause endocrine tumor development. This review will discuss the central role of cAMP signaling in the pituitary, focusing on the cAMP pathway alterations involved in pituitary tumorigenesis, as well as on poorly investigated the aspects of cAMP cascade, such as crosstalk with the ERK signaling pathway and new cAMP effectors.
Introduction
The cyclic nucleotide cAMP was discovered in 1958 as the factor mediating the effect of epinephrine on glycogenolysis by Dr Earl W Sutherland who obtained a Nobel prize in 1971 for these discoveries. This was the first of three Nobel prizes recognizing research on this pathway. cAMP, thus became the first member of the family of 'second messengers', is now been recognized as a universal regulator of a myriad of cell functions. A schematic view of the cAMP signaling cascade is shown in Fig. 1 . cAMP is produced from ATP by adenylyl cyclase, a large family of proteins including ten isoforms encoded by ten different genes and classified in five families (reviewed by Sunahara & Taussig (2002) ). Mouse pituitaries express mRNA for adenylyl cyclase isoforms II, III, VI, and VII (Pronko et al. 2010) , depending on the cell type. In particular, GHproducing cells (GH1 2 C 1 cells) mainly contain adenylyl cyclase types I, III (calcium-calmoduline sensitive), and VI, whereas cells predominantly secreting PRL express adenylyl cyclase types II, IV, and VI (GH3 and GH4C1 cells) and type VIII (GH3B6 cells) (Paulssen et al. 1994 , Wachten et al. 2010 . In contrast, adenylyl cyclase IX, but not II and VI, was detected in corticotrope cells (Antoni et al. 2003) .
Adenylyl cyclases are regulated by heterotrimeric guanine nucleotide-binding proteins (G proteins), composed of three different subunits (a, b, and g) and activated by seven transmembrane, G-protein-coupled receptors (GPCRs). The a subunit binds guanine nucleotides and acts as GTPase. Activated GPCRs facilitate the exchange of GTP for GDP on a subunit, that becomes active, dissociates from bg and then regulates the effector proteins. Among these, adenylyl cyclase is activated by the stimulatory G protein (Gs). In pituitary cells, Gs plays a central role in mediating cAMP pathway activation after stimulation by hormones, such as growth hormone (GH) and corticotroph-releasing hormone (CRH).
The best known cAMP downstream effector is protein kinase A (PKA). This serine/threonine kinase is a tetrameric enzyme composed of two regulatory (R) and two catalytic (C) subunits. The R subunit exists in two isoforms, RI and RII, which give rise to two PKA isozymes (PKA I and II). Binding of cAMP to each R subunit induces dissociation of C subunit that becomes free to phosphorylate their substrates (Skalhegg & Tasken 2000) .
cAMP is degraded to AMP by cyclic nucleotide phosphodiesterases (PDEs) that play a major role in the regulation of intracellular cAMP levels. Up to now, 11 subfamilies of PDEs, which differ in structure, enzymatic properties, sensitivity to inhibitors, and expression, have been characterized, each subfamily including distinct genes that, in turn, generate several transcripts by alternative splicing and/or the use of multiple promoters (Bender & Beavo 2006) . Among these different isoforms PDE1A, PDE2A, PDE4(A,B,C,D), PDE8B, and PDE11A are the most expressed in the pituitary (Michibata et al. 2001 , Persani et al. 2001 , Peverelli et al. 2009a , Stephenson et al. 2009 , Lennox et al. 2011 . PDEs are activated by cAMP both by phosphorylation and gene expression induction.
Consistent with the central role played by cAMP in the regulation of cell proliferation in endocrine tissues, mutations of genes involved in the cAMP signaling pathway and resulting either in the constitutive activation of cAMP formation or in increased cAMP signal transduction have been identified as a cause of endocrine neoplasia.
Lessons from human diseases: alterations of cAMP signaling
Genetic and epigenetic alterations in the Gsa gene (GNAS) in GH-secreting adenomas
The first mutational change associated with pituitary tumors was identified in the gene encoding the a subunit of Gs (GNAS1) (GNAS). This gene maps to chromosome Schematic representation of cAMP pathway. cAMP is produced from ATP by adenylyl cyclases that are positively or negatively regulated by stimulatory or inhibitory G proteins respectively. G proteins are composed of three distinct subunits, and the a subunit contains high-affinity binding sites for guanine nucleotide and has intrinsic GTPase activity. The GDP-bound form binds tightly to bg and is inactive, whereas the GTP-bound form dissociates from bg and is the active form. GPCRs cause the activation of G proteins by facilitating the exchange of GTP for GDP on the a subunit. cAMP is degraded to AMP by PDEs. The cAMP effector protein kinase A (PKA) is a tetrameric serine/threonine kinase consisting of a regulatory subunit (R) dimer and two catalytic (C) subunits. PKA is activated by the rise in cAMP that, by binding both high-affinity cAMP-binding sites of each R subunit, leads to the release of active C subunits that phosphorylate their substrates, including the nuclear transcription factor CREB. The repressor transcription factor inducible cAMP early repressor (ICER), positively regulated by cAMP signaling, competes with the binding of CREB to CREs, and may inhibit the transcription of several cAMP responsive genes. Epac1/2 are exchange proteins directly activated by cAMP that mediates several cAMP effects by acting as guanine-nucleotide exchange factors for Ras-proximate 1 and 2 (Rap1 and 2). GHRHR, growth hormone-releasing hormone receptor; CRHR, corticotrophin-releasing hormone receptor; DRD2, dopamine receptor D2; SST, somatostatin receptor; PDE, phosphodiesterase; AC, adenylyl cyclase. 20q13 and contains 13 exons (Fig. 2) . Amino acid substitutions in exons 8 and 9, replacing either Arg 201 with Cys, His, or Ser; or Gln 227 with Arg or Leu, were found in a subgroup of GH-secreting pituitary tumors , Landis et al. 1989 , Clementi et al. 1990 , Lyons et al. 1990 . These adenomas showed high activity of adenylyl cyclase and cAMP levels could not be further increased by specific and nonspecific compounds. The mutations were found to occur at two sites critical for GTP-ase activity, thus maintaining the adenylyl cyclase system in a permanently turned-on state by preventing hydrolysis of GTP. It is of interest to note that the residue Arg 201 is the target of cholera toxin that, by ADP-ribolsylation, abolished the GTPase activity of Gs, with a consequent constitutive activation. Functional studies on cell lines transfected with mutant Gsa demonstrated that activating mutations increase proliferation of selected cell types in which cAMP is mitogenic (Zachary et al. 1990 , Muca & Vallar 1994 , Ham et al. 1997 . Recently an in vivo study has demonstrated that the activating mutation Arg201Cys in GNAS cooperates with inactivation of adenomatous polyposis coli to promote intestinal tumorigenesis in mice through activation of Wnt and ERK1/2 MAPK pathways (Wilson et al. 2010) .
These data identify Gsa as a product of a protooncogene, converted into an oncogene (gsp) in those cells in which cAMP represents a mitogenic signal.
Somatic activating mutations in GNAS are found in 30-40% of GH-secreting pituitary tumors, and less commonly in other endocrine tumors such as toxic thyroid adenomas, hyperfunctioning adrenal tumors, and Leydigiomas.
When these mutations occur as an early postzygotic event, they cause the McCune-Albright syndrome (MAS, MIM# 174800). This sporadic disease affects the bones (polyostotic fibrous dysplasia), the skin (café-au-lait spots), and several endocrine tissues (autonomous hyperfunction), such as gonads, pituitary, thyroid, and adrenal cortex (Weinstein et al. 1991 , Schwindinger et al. 1992 . Activating mutations in the GNAS1 gene, in particular Arg 201, have been detected in all patients with MAS. Mutant Gsa is expressed in the affected endocrine organs as well as in tissues not classically involved in MAS, the highest proportion of mutant alleles being found in regions of abnormal proliferation, with a mosaic distribution consistent with the hypothesis that the cause of this syndrome is due to a GNAS somatic mutation arising very early in embryogenesis. In contrast, when mutation occurs later, it may cause focal diseases, such as acromegaly and toxic thyroid adenomas.
The GNAS1 locus shows a highly complex imprinted expression pattern. Genomic imprinting is the epigenetic phenomenon by which one allele (maternal or paternal), either during embryogenesis or the post-natal period, is subjected to a partial or total loss of expression (Bartolomei & Tilgham 1997) . Upstream of Gsa exon 1, are located alternative promoters that are oppositely imprinted, giving rise to different mRNAs including extra large as-like protein (XLas), XL-exon1 (ALEX), neuroendocrine secretory protein 55 (NESP55), exon A/B (1A), and antisense transcripts AS (Nespas) ( Fig. 2 ; reviewed by Bastepe & Juppner (2005) ). It has been found that in somatotrophs Gs transcript mainly derives from the maternal allele due to tissue-specific paternal imprinting (Hayward et al. 2001 , Mantovani et al. 2002 . The gsp mutations has been localized to the maternal allele in GH-secreting pituitary adenomas (Mantovani et al. 2004) . In contrast, gsp-negative tumors mostly display biallelic expression of Gs (Picard et al. 2007) , with a more relaxed imprinted pattern of expression. It is also worth noting that the gsp-negative adenomas expressing high levels of Gs show a clinical phenotype similar to that of gsppositive tumors. Thus, not only activating mutations but also Gsa expression levels may have an effect on tumoral features of somatotroph adenomas.
The clinical phenotype of patients with loss of function mutations of GNAS1 points to a crucial role of cAMP in somatotroph differentiation and secretion. It is well known that heterozygous germ line GNAS1 mutations cause Albright hereditary osteodystrophy, a syndrome with a wide range of manifestations such as short stature, rounded facies, and often mild mental retardation, which, only when inherited from the mother, is defined as pseudohypoparathyroidism (PHP) type Ia, and associates with resistance to different hormones that act through Gs, e.g. parathyroid hormone, thyroid-stimulating hormone (TSH), and gonadotropins. Evidence indicates that this variable and tissue-specific hormone resistance may result from tissue-specific imprinting of the GNAS gene. Interestingly, it has been also observed that patients with PHP type Ia show resistance to growth hormone-releasing hormone (GHRH), resulting in short stature due to GH deficiency (Germain-Lee et al. 2003 , Mantovani et al. 2003 . These data demonstrate the clinical relevance of paternal imprinting of GNAS1 in selected endocrine glands, such as thyroid, gonads, and pituitary, which critically depend on cAMP for differentiation and functioning. As far as the pituitary is concerned, it is worth noting that in patients with PHP type Ia, the secretion of ACTH is normally controlled by CRH, which acts via cAMP pathway activation, strongly suggesting that Gsa imprinting occurs in somatotrophs and not in corticotrophs.
Alterations of the regulatory subunit of PKA (PRKAR1A) in endocrine disorders
The role of cAMP in the control of cell proliferation has been further confirmed by the identification of PKA genetic defects in endocrine tumors.
Heterozygous loss of function mutations in human PKA regulatory subunit type Ia gene (PRKAR1A), located at 17q22-24, causing the loss of R1 expression and function with increased PKA responsiveness to cAMP, have been identified in about two-third of patients with Carney complex (CNC, MIM# 160980), an autosomal dominant familial multiple neoplasia syndrome characterized by the presence of multiple cardiac and extracardiac myxomas, spotty skin pigmentation, and different endocrine tumors, including GH-secreting pituitary tumors, adrenocortical tumors, and thyroid adenomas (Carney et al. (1986) , Casey et al. (2000) and Kirschner et al. (2000a,b) , reviewed in Espiard & Bertherat (2013) ). More than 120 different PRKAR1A mutations localized in the entire coding sequence of the gene have been found, most of them leading to an unstable mRNA degraded by nonsense mediated mRNA decay. In vitro studies showed that PRKAR1A mutations stimulate PKA activity, mimicking constitutive activation of the cAMP signaling pathway. Moreover, pituitary tumorigenesis has been demonstrated in pituitary-specific PRKAR1A knock-out mice (Yin et al. 2008) .
A reduced expression of PRKAR1A in GH-secreting adenomas in the absence of inactivating mutations has been reported (Lania et al. 2004) . The low levels of this protein, due to an increased degradation by proteasomes, have been associated with an increase in proliferation of somatotrophs, in agreement with the effects of PRKAR1A mutations in CNC patients.
Inactivating mutations of PDEs in patients with other cAMP-dependent lesions
In adrenocortical lesions, including hyperplasia, adenomas, and cancer, and in testicular germ cell, tumors have been found caused by germline mutations of another gene involved in cAMP cascade, the most recently discovered PDE family member PDE11A (Fawcett et al. 2000 , Horvath et al. 2006a .
These nonsense/missense PDE11A variants were also found in about a fifth of GH-secreting adenomas, with a frequency slightly higher with respect to controls (Peverelli et al. 2009a) . However, in these tumors, the WT allele was maintained, with a consequent normal expression of this enzyme, and mutated patients showed no significant clinical phenotype, except a tendency toward greater tumor dimensions and suprasellar extension with respect to WT patients, suggesting that these variants might only marginally contribute to the development of somatotropinomas. Interestingly, PDE11A variants were associated with adrenal lesions with a frequency slightly higher than that for the WT, in agreement with the role of PDE11A in genetic predisposition to the development of adrenal tumors.
In vivo phenotype of gsp mutations: counteracting mechanism
Despite the phenotype observed in transfected cell lines, where the gsp oncogene confers a growth advantage, patients carrying this mutation have a similar clinical and biochemical phenotype to those who do not carry it. In particular, several screening studies carried out on large series of GH-secreting adenomas indicate no difference in age, sex, clinical features, GH and IGF1 levels, duration of the disease, cure rate, and outcome in patients with or without gsp mutations (Spada et al. 1990 , Adams et al. 1993 . On the other hand, gsp-positive tumors are frequently very small, well differentiated, and densely granulated, in agreement with their hypersecretory activity. Moreover, serum GH levels of patients with gsp mutations are not further increased after GHRH stimulation, but respond to cAMP-independent stimuli, consistent with a constitutive Gs and adenylyl cyclase activation.
Finally, it is worth noting that gsp-positive tumors are characterized by an increased responsivity to treatment with SS analogs, a feature up to now unexplained, because no increases in SS receptors have been found in these tumors (Barlier et al. 1998 , 1999 . Overall, gsp mutations show a limited oncogenic potential and are associated with a benign phenotype. The only exception so far known existed in a lethal prolactinoma, in which gsp mutation represented the second hit for the transition from prolactinoma to acromegaly (Lania et al. 2010) .
This reduced oncogenic potential could be explained by the existence of intracellular regulatory mechanisms being able to counteract in vivo the activation of the cAMP pathway (Fig. 3) .
First, the expression of gsp oncogene is associated with activation of PDE that induces cAMP degradation. In gsppositive GH-secreting adenomas, PDE activity was found to be about sevenfold higher than in WT tissues, this effect being mainly due to the increased expression of cAMPspecific PDE4 , Persani et al. 2001 .
Second, the expression of CREB and inducible cAMP early repressor (ICER) is increased in tumors with gsp mutations. As ICER competes with the binding of CREB to CRE and inhibits the transcription of cAMP-responsive genes, its upregulation may counteract the constitutive activation of the cAMP pathway (Peri et al. 2001) .
Third, the presence of gsp mutations strongly reduces the Gsa protein stability, as demonstrated by the analysis of Gsa in WT or mutated tumors. The low expression levels of Gsa found in gsp-positive adenomas is not due to a reduced transcription but rather to an increased degradation of the dissociated a subunit (Ballaré et al. 1998 ).
Furthermore, it should be considered that proliferation of somatotrophs may be inhibited independently of cAMP levels regulation. Although SS receptors are In vivo phenotype of gsp mutations and controregulatory mechanisms. The expression of the gsp oncogene is associated with significantly increased activity of PDE, particularly the cAMP-specific PDE4 isoform, with respect to WT tissues, this effect is mainly due to the increased expression of cAMPspecific PDE4C and PDE4D in gsp-positive tumors (C), as shown by RT-PCR analysis. The repressor transcription factor ICER is upregulated in gsp C more than in gsp -adenomas. Moreover, gsp mutations are associated with instability of Gsa protein. Representative immunoblotting shows that Gsa protein is present in very low amount in gspC compared with gspK GH-secreting adenomas.
coupled to inhibitory G proteins that reduce cAMP formation by inhibiting adenylyl cyclase activity, it has recently been demonstrated that SST5, the most expressed SS receptor subtype in pituitary together with SST2, exerts its antiproliferative effects in somatotrophs by coupling with the inhibitory G protein Go A , independently of cAMP reduction (Peverelli et al. 2009b (Peverelli et al. , 2013 .
Epac: new cAMP effectors
Although all the effects exerted by cAMP were initially attributed to the activation of PKA, two exchange proteins directly activated by cAMP (Epac1/2) have been later identified as cAMP targets, which were able to mediate several cAMP effects by acting as guanine-nucleotide exchange factors for Ras-proximate 1 and 2 (Rap1 and 2) (Kawasaki et al. 1998 , de Rooij et al. 1998 . The two isoforms of Epac are coded in mammals by two distinct genes, RAPGEF3 and RAPGEF4. Epac 1 is ubiquitously expressed, whereas Epac 2 expression is restricted to a few tissues, including the brain, pituitary, adrenal gland, and pancreas. Although the concentration of cAMP required for Epac1 protein activation in vitro was initially estimated to be about tenfold higher than that for PKA (Enserink et al. 2002) , recent data indicate that Epac and PKA have similar affinity for cAMP, indicating that physiologically relevant cAMP concentrations are able to activate both enzymes (Dao et al. 2006) .
In the endocrine system, few data are available about the specific role of Epac in mediating cAMP effects. Epac has been shown to be involved in cAMP-induced effects on cytoskeleton integrity and cell migration in adrenocortical cancer cells (Aumo et al. 2010) , and crucial for TSH-induced stimulation of DNA synthesis and cell proliferation, acting synergistically with PKA in PCCL3, a normal TSHdependent rat thyroid follicular cell line (Hochbaum et al. 2008) , although in dog thyrocytes none of the known cAMP-mediated TSH effects required Epac activation (Dremier et al. 2007) . In pituitary, Epac is required for cAMP-dependent ERK1/2 activation in mouse pituitary AtT20 cells (Van Kolen et al. 2010) and implicated in the release of alpha melanocyte-stimulating hormone (aMSH) in mouse melanotrophs (Sedej et al. 2005) . Preliminary unpublished data from our laboratory indicates that both Epac and PKA mediate the effects of cAMP on cell proliferation in different pituitary cell types.
The study of the relative roles of PKA and Epac in mediating cAMP effects in the pituitary will be of extreme importance for the identification of molecular mechanisms underlying the pathogenesis of pituitary tumors.
Cross talk between cAMP and ERK signaling pathways
The divergent effects of cAMP on cell proliferation are associated with its ability to positively or negatively regulate the MAPK signaling pathways, typically activated by growth factor receptors, with a resulting cross-talk between hormones acting through Gsa-coupled receptors and growth factors.
The MAPK family includes serine/threonine kinases that transduce extracellular signals to intracellular responses, including cell proliferation, differentiation, migration, and apoptosis. The GTP-ase Ras, activated by growth factors, initiate a subsequent activation of a protein kinases cascade, involving Raf1, MEK, and ERK.
Several observations suggest that in pituitary, cAMP and MAPK pathways cross talk to regulate cell proliferation and hormone secretion. In somatolactotrope pituitary cells (GH4C1), the phosphorylation of ERK1/2 is stimulated by forskolin, which increases intracellular cAMP levels (Le Pechon-vallée et al. 2000) . Similarly, in GH-secreting human pituitary tumors, GHRH and forskolin are able to activate ERK1/2 in a PKA-dependent manner, consistent with the mitogenic effects of cAMP in somatotrophs (Lania et al. 2003) . In this cell model, the inhibition of the ERK cascade by the MEK inhibitor PD98059 abolished the GHRH-induced increase in cyclin D1, indicating that the stimulatory effect of PKA on the ERK1/2 cascade contributes to the proliferative action of cAMP.
Interestingly, in human pituitary tumors the Raf/ MEK/ERK pathway has been found to be upregulated (Dworakowska et al. 2009 ). Moreover, it has been demonstrated that conditional overexpression of both the WT Gsa or the gsp oncogene initiates chronic ERK 1/2 activation (Romano et al. 2007 ). This sustained ERK1/2 stimulation might affect the tumoral phenotype despite the compensatory mechanisms of cAMP pathway.
Recently, using the fluorescence resonance energy transfer (FRET)-based biosensors of ERK activity (ERK activity reporter (EKAR)), it has been shown that both the EGF receptor and the GPCR coupled to cAMP stimulation, in particular the vasoactive intestinal peptide (VIP) receptor, to regulate the activation of ERK with different spatio-temporal dynamics (Zeiller et al. 2012) . In particular, Ras and Rap1 play distinct roles in this process. EGF receptor induces nuclear ERK activation through Ras, which contribute to both cytoplasmic and nuclear ERK activation induced by VIP receptor. Rap1 plays a role in the activation of nuclear ERK stimulated by VIP receptor.
The interrelationships between cAMP and ERK signaling pathways are multiple and complex. Several studies have suggested that the target of cAMP controlling ERK is downstream of Ras and upstream of Raf1. In particular, PKA inhibits Raf1 activity directly by phosphorylation or through Rap1 activation. Rap1 inhibits Ras signaling by blocking Ras binding to Raf1, in particular cell lines such as NIH3T3 cells (Schmitt & Stork 2001) . However, Rap1 can also activate the Raf isoform, B-Raf, leading to the ERK1/2 activation independently of Ras.
Although it has been shown that PKA in several cell systems may activate Rap1 indirectly by the guanine nucleotide exchange factor C3G, cAMP may also stimulate Rap1 activation through Epac activation, suggesting that PKA and Epac might synergistically control the cAMP-induced activation of the ERK1/2 pathway in pituitary cells.
Cross talk between cAMP and calcium signaling pathways
Hormone synthesis and secretion in pituitary are regulated by hypothalamic neuroendocrine regulatory factors that give rise to intracellular signaling cascades involving the two major second messengers, cAMP and calcium, which in turn are closely interconnected.
In somatotrophs, GHRH activates cAMP/PKA that, through the regulation of ion channels that results in increased calcium entry, stimulates GH secretion. In contrast, GH secretion is inhibited by SSTs both through activation of inhibitory G proteins that reduce cAMP synthesis and regulation of L-type Ca 2C and K C channels with resulting reduction of calcium influx. In particular, SST5 inhibits GH release mainly through reduction of calcium entry, as demonstrated by the characterization of mutant SST5 receptors that were unable to reduce calcium influx and GH secretion even though they were still effective in inhibiting cAMP accumulation (Peverelli et al. 2009b) .
Cross talk between the cAMP pathway and calcium signaling is bidirectional, because not only does cAMP regulate calcium influx, but also the cAMP pathway is influenced at different levels by calcium, with a regulatory mechanism that allows a mutual control of these two second messengers. Indeed, it has been demonstrated that calcium inhibits adenylyl cyclase in pituitary cells , and influences PDE activity through the calcium-dependent regulator calmodulin (Ang & Antoni 2002a,b) , suggesting that changes in intracellular calcium levels contribute to the regulation of cAMP synthesis and degradation.
Aryl hydrocarbon receptor interacting protein and the cAMP pathway
Familial isolated pituitary adenoma (FIPA, MIM# 102200) is an autosomal-dominant disease with variable penetrance, caused by germline mutations of the aryl hydrocarbon receptor (AHR)-interacting protein (AIP) gene (MIM# 605555) (Benlian et al. 1995 , Soares et al. 2005 , Vierimaa et al. 2006 . About 30% of all families with FIPA and 50% of families displaying acromegaly have a mutation in the AIP gene , and AIPmutation-positive patients have a characteristic clinical phenotype with usually young-or childhood-onset GH and/or PRL-secreting adenomas.
However, the molecular mechanism whereby AIP induces pituitary tumorigenesis is unknown. Interestingly, it has been shown that among the proteins that interact with AIP there are members of the cAMP pathway. AIP has been demonstrated to bind PDE4A5, with consequent inhibition of its catalytic activity, attenuation of PDE4A5 phosphorylation by PKA, and increased sensitivity of PDE4A5 to rolipram, a PDE4-specific inhibitor, all these events leading to a decreased enzymatic activity. Naturally occurring AIP-truncating mutations completely abolish the interaction with PDE4A5 (Bolger et al. 2003 , Leontiou et al. 2008 , Igreja et al. 2010 , Trivellin & Korbonits 2011 . Another PDE isoform, PDE2A, expressed in human pituitary (Lennox et al. 2011) , has also been reported to bind to the C-terminal region of AIP and it has been shown that AIP has the opposite effect on PDE4A5 and PDE2A functions (de Oliveira et al. 2007 , de Oliveira & Smolenski 2009 Recently it has been shown that in GH3 cells AIP regulates cAMP signaling and GH secretion independently of the AIP-PDE interaction (Formosa et al. 2013) . The overexpression of the WT AIP, but not of a truncated mutant, reduces intracellular cAMP levels, the expression of cAMP target genes, and forskolin-induced GH secretion. Accordingly, knock down of endogenous AIP results in increased cAMP signaling, suggesting that AIP may act as a tumor suppressor by reducing cAMP signaling. Further studies are needed to clarify which binding partners and molecular mechanisms are involved.
Is the action of cAMP in somatotrophs the paradigm of cAMP action in the pituitary?
It is well known that cAMP either inhibits or stimulates cell proliferation and/or differentiation in a cell-typespecific manner (reviewed in Stork & Schmitt (2002) ) but, in contrast to the well recognized mitogenic effect of cAMP in the pituitary somatotrophs, the action of cAMP on the proliferation of pituitary cells of the other lineages has been poorly defined.
It has been demonstrated that in a subset of nonfunctioning pituitary adenomas (NFPA) that are mainly constituted by gonadotroph-derived cells, inhibition of the cAMP pathway is a proliferative signal. Indeed, PKA blockade by the specific inhibitor, PKI, increased cyclin D1 expression, whereas direct stimulation of adenylyl cyclase by forskolin resulted in a reduction in cyclin D1 expression (Mantovani et al. 2005) . Moreover, in NFPAs the activation of PKC by specific neurohormones triggered the activation of mitogenic kinases, indicating the existence of different proliferative cascades specifically signaling in different pituitary cell lineages, i.e. tumoral somatotroph and gonadotroph-derived cells. Preliminary unpublished data from our laboratory indicates that, in analogy with the antiproliferative effects induced by cAMP in gonadotroph-derived cells previously reported (Mantovani et al. 2005) , cAMP inhibits proliferation of cells of the lactotroph lineages.
The observation that the growth-promoting action of cAMP seems to occur exclusively in somatotrophs is in line with the notion that mutations activating cAMP formation or signaling are associated with the occurrence of sporadic or familial acromegaly, but not with other pituitary adenomas.
Conclusions
Despite extensive research on sporadic pituitary adenomas, the only molecular hallmarks of most GH-secreting adenomas up to now identified are the alterations, both genetic and epigenetic, of the GNAS gene, which have as a consequence the deregulation of the cAMP signaling cascade. The constitutive activation of the cAMP pathway is associated with the generation of a complex series of intracellular events that might either counteract cAMP action, such as increased sensitivity to somatostatin, instability of mutant Gsa protein, and induction of PDE expression, or cross talk with signals with oncogenic or anti-oncogenic potential, such as ERK, Epac, and AIP pathways. Although the gsp oncogene confers a growth 
